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Abstract
Background:Caspase-12 functions as an antiinflam m atory enzyme inhib iting caspase-1 and the NOD2/RIP2 pathways. Due 
to increased susceptibility to  sepsis in individuals w ith  functional caspase-12, an early-stop m utation leading to the loss o f 
caspase-12 has replaced the ancient genotype in Eurasia and a significant proportion o f individuals from  African 
populations. In African-Americans, it has been shown that caspase-12 inhibits the pro-inflammatory cytokine production.
Methodology/PrincipalFindings:We assessed whether similar mechanisms are present in African individuals, and whether 
evolutionary pressures due to  plague may have led to the present caspase-12 genotype population frequencies. No 
difference in cytokine induction through the caspase-1 and/or NOD2/RIP2 pathways was observed in tw o independent 
African populations, among individuals w ith  either an intact or absent caspase-12. In addition, stimulations w ith  Yersinia 
pestis and tw o other species o f Yersinia were preformed to investigate whether caspase-12 modulates the inflammatory 
reaction induced by Yersinia. We found that caspase-12 did not modulate cytokine production induced by Yersinia spp.
Conclusions: Our experiments demonstrate for the first tim e the involvement o f the NOD2/RIP2 pathway for recognition o f 
Yersinia. However, caspase-12 does not modulate innate host defense against Y. pestis and alternative explanations fo r the 
geographical d istribution o f caspase-12 should be sought.
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Introduction
Caspases are cysteine proteases that are involved in apoptosis and 
inflammation [1—3]. T hree hum an caspases involved in the 
inflammation pathw ay are known, namely caspase-1, 4, and 5 [2,3]. 
In other mammals such as mice and chimpanzees, another caspase 
with modulatory effects on inflammation is caspase-12. In hum ans, a 
truncated non-functional form of caspase-12 due to a  m utation 
resulting in an  early stop codon has largely replaced the ancient 
genotype [4]. Genetic and population analysis revealed that the 
functional form of caspase-12 is present in 20 to 30% of the African 
populations, while completely absent in Europe and Asia [5,6]. Due to 
this particular worldwide distribution and its involvement in 
inflammation, caspase-12 has been proposed as an  exquisite example 
o f an im m une gene changed under evolutionary pressure.
Functionally, caspase-12 has been reported  to be  involved bo th  
in the apoptotic  and  inflam m atory pathw ays [7]. W hole blood 
stim ulation with lipopolysaccharide (LPS) showed th a t individuals 
bearing  the functional caspase-12 were hypo-responsive. LPS, an 
outer cellular m em brane structure found on G ram -negative 
bacteria  is recognized by our innate im m une system [8]. T he 
innate im m une system recognizes specific pathogen  structures, 
such as LPS th rough  p a tte rn  recognition receptors (PRR) like toll­
like receptors (TLRs) [9]. T L R 4  is the m ost im portan t P R R  
involved in  the recognition of LPS, T L R 2 recognizes bacterial 
lipopeptides, an d  the N O D 2 receptor recognizes peptidoglycans. 
P R R  engagem ent induces p roduction  o f proinflam m atory cyto­
kines such as T N F -a  and  IL -ip . T h e  IL - ip  activation requires 
cleavage by ano th er inflam m atory caspase term ed  IL-1 b convert­
ing enzym e or caspase-1 [10].
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A fter LPS stimulation, individuals w ith a  functional caspase-12 
p roduced  lower T N F -a  and  IL-1 b levels com pared  to individuals 
bearing  only the trunca ted  form  o f caspase-12 [11]. It has been 
therefore proposed th a t caspase-12 has anti-inflam m atory effects 
by inhibiting bo th  the NFkB and  caspase-1 pathw ays [12]. As a 
consequence o f the altered N FkB  an d  caspase-1 pathw ay 
stim ulation in individuals bearing  functional caspase-12, the 
clearance o f G ram -negative bacteria  m ay be defective and  
eventually this could result in  a  life th reaten ing  bacterial infection 
[13,14]. A small clinical study am ong African A m ericans showed 
th a t the pressure o f a  functional caspase-12 was accom panied by 
an  increased susceptibility to sepsis [15]. T hese findings were 
supported by  a  sepsis m ouse m odel showing th a t caspase-12 mice 
had  a  h igher bacterial count and  low er pro-inflam m atory cytokine 
production  during sepsis [11].
Evolutionary studies [6,16] determ ined th a t the loss o f 
functional caspase-12 in C aucasian  and  Asian populations was 
caused by recen t positive selection. T h e  loss o f function of caspase- 
12 is due to truncation  o f the protein, ra th e r then  m odulation  o f 
m R N A  transcription. T hese da ta  com bined w ith the correlation of 
caspase-12 w ith susceptibility to sepsis, lead  to the hypothesis that 
the loss o f functional caspase-12 was due to the increasing pressure 
o f  sepsis during  the hum an  m igration towards E urope and  Asia
[6]. After blood stim ulation o f individuals bearing  the functional 
and  non-functional caspase-12 w ith LPS it was shown th a t the 
non-functional caspase-12 protein  was no t transcriped [11]. This 
indicates that early stop codon results in  a  loss o f function o f the 
caspase-12. How ever, the assum ption th a t the loss o f function of 
capase-12 involved in the innate im m une response are based  on a 
single study in a  small num ber o f  African Am ericans, bu t no data  
on  the function o f caspase-12 in African populations are available 
[16].
This is essential for the understand ing  o f how  the selection has 
driven selection o f caspase-12 genotypes during h um an  history. In 
the p resent study we assessed the im pact o f caspase-12 genotypes 
on  inflam m ation in two African populations, an d  the potential 
effect o f caspase-12 on a  m icroorganism  know n to have exerted 
intense evolutionary pressure on  E uropean  and  Asian populations: 
Yersinia pestis, the agent o f  bubonic  plague.
Results
Functional and non-functional caspase-12 frequencies in 
Mali volunteers
T o evaluate the effect o f non-functional and  functional caspase-
12 genotypes on proinflam m atory  cytokines, blood was initially 
collected from  50 healthy M ali volunteers. T hirthy-three  o f the 
volunteers w ere hom ozygous (66%) for the non-functional caspase-
12 allele, 16 volunteers were heterozygous (32%), an d  one (2%) 
was hom ozygous for the functional caspase-12 allele (Table 1).
These frequencies o f  the caspase-12 genotypes were in line with 
previous reports [5].
Pro-inflammatory cytokine production of the caspase-12 
genotypes
Stim ulation of whole blood was perform ed w ith either the 
T L R 4  ligand LPS (concentrations 1, 10 and  100 ng /m l) or 
Pam 3C ys (10 mg/ml), a  T L R 2 specific ligand. Sim ilar levels o f 
T N F -a  betw een caspase-12 genotypes were observed betw een the 
groups (Figure 1A). Surprisingly, the IL-1 b p roduction  was even 
increased in individuals heterozygous for the functional caspase-12 
allele, for all LPS concentrations tested (M ann-W hitney, P < 0 .0 5 , 
figure 1B). In  addition, the individual hom ozygous for the 
functional caspase-12 allele showed no evidence o f inhibition of 
the p roduction  o f pro-inflam m atory cytokines (Figure 1). T he 
release o f the anti-inflam m atory cytokine IL-10 was independent 
o f the caspase-12 genotype (Figure 1C).
Replication within second field study of previous findings
Because the result o f our initial study clearly contradicted  one 
earlier report o f  inhibition o f the pro-inflam m atory response by 
caspase-12, we in itiated a  second field study to assess the function 
o f caspase-12 [11]. D uring  this second study we collected blood 
from  47 M ali volunteers and  determ ined their caspase-12 
genotype (volunteers 2007, T ab le  1). Tw enty-four individuals 
were hom ozygous (51%) for the non-functional caspase-12 allele,
22 heterozygous (47%), and  one volunteer was hom ozygous (2%) 
for the functional caspase-12 allele (Table 1). No difference was 
found betw een cells isolated from  individuals hom ozygous for the 
non-functional caspase-12 allele and  from  the heterozygous 
volunteers, w hen production  o f T N F -a , IL-1 b o r IL-10 was 
m easured (Figure 2). No differences for the p roduction  o f IL-1 b 
were found betw een the groups in this second study. T h e  cytokine 
production  o f cells isolated from  the volunteer hom ozygous for the 
functional caspase-12 was com parable with the o ther genotypes 
(Figure 2 B and  C).
Yersinia spp stimulations
Stim ulation w ith pure  T L R 4  (LPS) an d  T L R 2 (Pam3Cys) 
ligands showed no anti-inflam m atory role o f the functional 
caspase-12. T h e  lack o f inhibition could have been  caused by 
the specific T L R  stimuli used in these experim ents. Therefore, 
whole b lood from  the second volunteer cohort was also stimulated 
with three  pathogenic Yersinia species, nam ely Y. enterocolitica, Y. 
pseudotuberculosis an d  Y. pestis (Figure 3). T hese three  Yersinia spp 
were chosen due to their im portan t role as hu m an  pathogens. 
W ith  all three Yersinia species no different pro-inflam m atory 
cytokine production  was observed betw een the functional and  
non-functional caspase-12 individuals (Figure 3). This indicates
T able 1. Caspase-12 genotypes and allele frequency in tw o cohorts o f Mali volunteers, one collected in 2006 and one in 2007.
Non-functional Functional Functional Genotype frequency (%) A llele frequency
TGA S/S (T/C)GA S/L CGA L/L Total T/T C/T C/C T C
2006 a 33 16 1 50 66.00 32.00 2.00 0.82 0.18
2007 a 24 22 1 47 51.06 46.81 2.13 0.74 0.26
O1- 57 38 2 97 58.76 39.18 2.06 0.78 0.22
aPopulation do not violate Hardy-Weinberg equilibrium.
d is tr ib u tio n  o f Caspase-12 genotypes between 2006 and 2007 populations did not differ (x2-test). 
doi:10.1371/journal.pone.0006870.t001
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Figure 1. In-vitro cytokine m easurem ents after w hole blood LPS and Pam3Cys stim ulation betw een th e  caspase-12 genotypes from 
th e  vo lun teers enrolled in 2006. Stimulation was performed with 1,10 and 100 ng/ml LPS (E. coli) and 10 mg/ml Pam3Cys. TNF (A), IL-1 b (B) and 
IL-10 (C) were measured by ELISA in the supernatant after 24 hour stimulation. Volunteers were grouped as homozygous bearing the nonfunctional 
caspase-12 genotype (S/S), heterozygous bearing the nonfunctional and functional caspase-12 (S/L), and homozygous bearing the functional 
caspase-12 (L/L). Numbers o f volunteers included for each cytokine are S/S = 33, S/L= 16 and L/L = 1. Values represent mean + SD for each group of 
volunteers. P-values for differences between caspase-12 genotype were calculated with the Mann-Whitney test. *P<0.05. 
doi:10.1371/journal.pone.0006870.g001
th a t the caspase-1 pathw ay was no t affected by  the functional 
caspase-12.
NOD2/RIP2 pathway
Beside the caspase-1 pathw ay it has been shown that caspase-12 
inhibition of the N O D 2 /R IP 2  pathw ay is im portant for the lower 
pro-inflamm atory cytokine release[17]. T o test if the N O D 2 /R IP 2  
pathw ay was involved in the innate im m une response against Yersinia 
spp. we preform ed stimulations with the same three Yersinia spp. in 
cells isolated from individuals homozygous for the 3020insC N O D 2 
m utation (Figure 4). It was observed that the individuals homozygous 
for the 3020insC N O D 2 m utation display a  tendency towards 
reduced T N F -a  production (Figure 4A) and a  significant lower IL1-P
production after stimulation with all three Yersinia spp (Figure 4B). 
This demonstrates that the N O D 2 receptor does play an  im portant 
role in Yersinia recognition by the innate im m une system. Secondly, 
involvement o f the N O D 2 /R IP 2  pathw ay during Yersinia spp 
recognition also indicates that if functional caspase-12 would have 
inhibited the pro-inflamm atory response through the N O D 2 /R IP 2  
pathway, a reduction in IL-1 b  production induced by Yersinia would 
have been expected, and that was no t the case (Figure 3B).
Discussion
Caspase-12 is a  m em ber o f  the caspase family o f cysteine 
proteases that has been  suggested to exert inhibitory effects on 
proinflam m atory  cytokines. T h e  only populations that retain  a
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Figure 2. In-vitro cytokine m easurem ents after w hole blood LPS and Pam3Cys stim ulation betw een th e  caspase-12 genotypes from 
th e  vo lunteers enrolled in 2007. Stimulation with LPS was performed with 10 ng/ml. TNF (A), IL-1 b (B) and IL-10 (C) were measured by ELISA after 
24-hour stimulation. Volunteers were grouped as homozygous bearing the nonfunctional caspase-12 genotype (S/S), heterozygous bearing the 
nonfunctional and functional caspase-12 (S/L) and homozygous that bear the functional caspase-12 (L/L). Numbers of volunteers included for each 
cytokine are S/S = 24, S/L = 22 and L/L = 1. Values represent mean + SD for each group of volunteers. P-values for differences between caspase-12 
genotype were calculated with the Mann-Whitney test. 
doi:10.1371/journal.pone.0006870.g002
sizeable p roportion  of individuals w ith active caspase-12 are  those 
in Sub-S aharan  Africa. T h e  aim  o f the p resent study was to assess 
the effect o f caspase-12 on  the cytokine response o f cells isolated 
from  volunteers o f African origin, after stim ulation with bacterial 
stimuli. T hese experim ents revealed th a t functional caspase-12 
had  no inhibitory effect on  the pro-inflam m atory response 
(Figure 1). In  a  small previous study perform ed in cells isolated 
from  18 African A m ericans (eight hom ozygous for the non­
functional allele, eight heterozygous, two hom ozygous for the 
functional caspase-12), Saleh et al suggested th a t a  functional 
caspase-12 decreased cytokine production  [11;15].
Because our da ta  from  the first field study clearly differed from this 
previous investigations we repeated  our experiments in  cells isolated
from  volunteers from  a  second independent African population from 
the same region (Table 1, Figure 2). T he results from the second 
study support the conclusion that caspase-12 had  no m odulatory 
effect on the TLR -stim ulated production o f cytokines.
In  the first cohort o f volunteers, we did observed an  elevated IL -1 b 
production in individuals with an  active caspase-12. Interestingly, in a 
colonic inflam mation mouse m odel Leblanc et al also found that mice 
with a  functional caspase-12 had a higher production of pro- 
inflam matory cytokine on day 14, although no differences in the 
production of the pro-inflamm atory cytokines were observed early in 
the process [17]. However, this effect on IL-1 b production could not 
be reproduced in the second field study. Therefore, the overall 
conclusion of these two studies m ust be that caspase-12 is unlikely
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Figure 3. In-vitro cytokine m easurem ents after w hole blood stim ulation w ith Yersinia enterocolitica, Yersinia pseudotuberculosis and
Yersinia pestis. TNF (A), IL-1 b (B) and IL-10 (C) were measured by ELISA after 24-hour stimulation. Volunteers were grouped as homozygous bearing 
the nonfunctional caspase-12 genotype (S/S), heterozygous bearing the functional caspase-12 and nonfunctional (S/L) and homozygous that bear 
the functional caspase-12 (L/L). The numbers of volunteers included for each cytokine are S/S = 24, S/L = 22 and L/L = 1. Values represent mean + SD 
for each group of volunteers. P-values for differences between caspase-12 genotype were calculated with the Mann-Whitney test. 
doi:10.1371/journal.pone.0006870.g003
playing a  m ajor role in the m odulation o f the inflam matory reaction 
induced by LPS or bacterial lipopeptides.
O u r first set o f experim ents used specific T L R 4  and  T L R 2 
ligands to elicit inflam m ation. H ow ever, bacterial pathogens are 
m uch m ore com plex structures, and  an  effect o f caspase-12 during 
stimulation with in tac t m icroorganism s could still be envisaged. In  
support o f this hypothesis, it has been reported  th a t individuals with
a functional caspase-12 are m ore susceptible to sepsis [11]. 
Therefore, we w anted to assess w hether stimulation o f cells with 
various caspase-12 genotypes with com plex G ram -negative m icro­
organisms resulted in differences in pro-inflam m atory cytokines. W e 
perform ed stimulations with the G ram -negative bacteria  Y. pestis, 
the agent o f  bubonic plague, an  infection th a t is well-known to have 
induced an  im portan t evolutionary pressure on E urope and Asian
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Figure 4. In-vitro cytokine m easurem ents after PBMC stim ulation w ith Yersinia enterocolitica, Yersinia pseudotuberculosis and  Yersinia 
pestis. Caucasian individuals bearing a normal (NOD2 wt, N = 10) or homozygous for the 3020insC NOD2 mutation (NOD2 del, N = 5) were stimulated 
with the various Yersinia spp. TNF (A) and IL-1 b (B) were measured by ELISA after 24-hour stimulation. Values represent mean + SD for each group of 
volunteers. P-values for differences between caspase-12 genotype were calculated with the Mann-Whitney test. *P<0.05, **P#0.01. 
doi:10.1371/journal.pone.0006870.g004
populations (Figure 3) [18]. In  addition, we also stimulated cells w ith 
Y. enterocolitica, an  im portan t pathogene of the digestive tract, and 
with Y. pseudotuberailosis the recent ancestor o f Y. pestis [18]. Previous 
studies have shown the role o f T L R 2 and  T L R 4  for Y. pestis 
recognition [19]. In  our stimulation o f individuals with the 
hom ozygote 3020insC N O D 2 m utation  we dem onstrate the 
involvem ent o f the N O D 2 pathw ay during  Yersinia spp recognition 
(Figure 4). T h e  fact th a t bo th  T L R  and  N O D 2 pathways have been 
proposed to be  m odulated  by caspase-12, makes Yersinia therefore 
the ideal bacterial m odel for the assessment o f caspase-12 effects.
Im portan t in the recognition o f Yersinia strains is the recognition 
th rough  T L R 4. M ontm iny et al. showed th a t Y. pestis actively 
changes its LPS structure after the transm ission to hum ans [20]. 
By doing this, Y. pestis actively avoids T L R 4  recognition and  the 
innate im m une response necessary for the clearance. Yersinia also 
m anipulates the innate im m une system o f hosts with a  m echanism  
know n as the type III secretion system [21]. H ereby Yop proteins 
are secreted and  interfere w ith the inflam m ation response. These 
proteins take control o f  host cells by inhibiting the caspase-1- 
m ediated  m aturation  an d  IL-1 b release [22]. This indicates that 
bo th  N FkB  an d  caspase-1 signaling pathw ays are involved in the 
recognition o f Yersinia. H ow ever, our experim ents perform ed in a 
large num ber o f volunteers bearing  a functional caspase-12 do not
show any m odulation  o f Yersinia-induced cytokines, and  thus o f the 
T L R /N O D 2  pathways.
Earlier studies on the distribution o f caspase-12 genotypes have 
shown im portan t differences betw een populations [5;6], b u t it is 
unclear how  environm ental pressure caused selection o f certain 
alleles, and  lead  to loss o f caspase-12 function in the m ajority o f 
individuals [23]. O u r study in two African populations does not 
support a  role for caspase-12 in the m odulation o f the pro- 
inflam m atory response after T L R  challenge. Similarly, no effect o f 
caspase-12 on Yersinia stim ulation o f cytokines was observed. 
Phylogenetic analyses show th a t structurally, caspase-12 is grouped 
with the o ther inflam m atory caspases, bu t the potential m echa­
nisms th rough  w hich caspase-12 potentially m odulate the 
inflam m ation are  still no t well understood [24;25]. M ost data  
available to date have been  obtained in mice defective in caspase- 
12, th a t showed a h igher cytokine response and  increased 
resistance in bacterial m odels [15;17]. T hese da ta  seem to be 
supported by a  small study in hum ans, suggesting high cytokine 
responses in hum ans with inactive caspase-12 [11]. U nfortunately, 
this study has not been independently  confirm ed and  seem to be 
contradicted  by  our data . T h e  cause o f the differences betw een the 
study of Saleh and  colleagues and  the p resent study are unclear. In 
our study we have perform ed a  dose-response curve o f LPS
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concentrations (Figure 1), and  therefore it is unlikely that 
differences in LPS concentrations could explain the discrepancy. 
W e have also preform ed the experim ents in a  larger num bers o f 
individuals th an  the original study of Saleh et al, and  the results 
were verified in a  second cohort. E thnic differences betw een the 
African A m erican volunteers in the study o f Saleh et al an d  the 
M ali population  investigated in our study could account for some 
differences, although the theoretic basis for this is unclear. T he 
only additional study investigating the role o f  caspase-12 in 
infections found no correlation betw een caspase-12 and  hepatitis 
C virus infection [26]. It is possible th a t caspase-12 m ay interact 
also w ith o ther PR R s than  T L R 4  and  N O D 2. How ever, by  using 
whole m icroorganism s as Yersinia spp., th a t very likely stimulates 
also T L R 2, T L R 5, T L R 9 (etc), we practically exclude an  influence 
o f caspase-12 on o ther im portan t P R R  pathw ays as well.
In  sum m ary, the da ta  o f the present study show no regulatory 
role o f hum an  caspase-12 on the inflam m ation induced by T L R  
ligands or Yersinia spp. A lthough a  role o f caspase-12 for the 
susceptibility to sepsis can  still be envisaged (which has to be 
confirm ed in  larger studies), this is highly unlikely to be  m ediated 
th rough  m odulation  of cytokine response. Alternatively, the 
selection found in  E uropean  and  Asian populations on the non­
functional caspase-12 m ay have no t been  caused by sepsis a t all, 
and  o ther biological explanations should be sought.
Materials and Methods
Volunteers
Blood samples were collected in the K oro  district o f  M ali, W est 
Africa du ring  two fieldtrips in Septem ber 2006 an d  April 2007. 
T hese studies are pa rt o f the investigational into interethnic 
differences in susceptibility to m alaria, as described in detail 
elsewhere [27]. F rom  these volunteers we only included the 
healthy individuals w ithout any suspicion or diagnosis for m alaria. 
A pproval for the study was provided by the institutional review 
bo ard  o f the University o f Bam ako (N °0527/FM PO S).
A total o f  10 D utch  C aucasian  controls and  5 D utch C aucasian 
volunteers hom ozygous for the loss-of-function 3020insC N O D 2 
m utation  were used for the stim ulation experim ents investigating 
the role o f N O D 2 in the recognition o f Yersinia. T h e  characteristics 
o f  the N O D 2-defective individuals are described elsewhere [28].
Cytokine stimulation assays
V enous whole blood was collected into 10 ml heparin  tubes 
(BD, Plym outh, UK) Blood from  healthy individuals was diluted to 
a  final concentration  o f 1:5 in R P M I 1640 m edium  (containing 
1% glutam ine, 1% pyruvate and  1% gentam icin). Stim ulation was 
perform ed with control m edium , highly purified lipopolysaccha- 
ride (Escherichia colli 055:B5, sigma, extra  purified according to 
H irshfeld et al. [29]) a t various concentrations (1 ,1 0  an d  100 n g /  
ml), an d  the lipopeptide Pam 3C ys (10 mg/m l, E M C  M icrocollec­
tions, Erlaugen). H eat-K illed Yersinia enterocolitica (clinical isolated), 
Yersinia pseudotuberculosis, serotype O1 (strain YERS0068) and  
Yersinia pestis antiqua, b iovar A ntiqua (strain BD94-oo544), were
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used for the stim ulation experim ents a t a  final concentra tion  o f 
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